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Laboratory, Department of Women’s and Children’s Health, Karolinska Institutet, Solna, SwedenThe glomerular ﬁltration barrier, consisting of podocyte
foot processes with bridging slit diaphragm, glomerular
basement membrane, and endothelium, is a key
component for renal function. Previously, the subtlest
elements of the ﬁltration barrier have only been visualized
using electron microscopy. However, electron microscopy
is mostly restricted to ultrathin two-dimensional samples,
and the possibility to simultaneously visualize multiple
different proteins is limited. Therefore, we sought to
implement a super-resolution immunoﬂuorescence
microscopy protocol for the study of the ﬁltration barrier in
the kidney. Recently, several optical clearing methods have
been developed making it possible to image through large
volumes of tissue and even whole organs using light
microscopy. Here we found that hydrogel-based optical
clearing is a beneﬁcial tool to study intact renal tissue at
the nanometer scale. When imaging samples using super-
resolution STED microscopy, the staining quality was
critical in order to assess correct nanoscale information.
The signal-to-noise ratio and immunosignal homogeneity
were both improved in optically cleared tissue. Thus, STED
of slit diaphragms in ﬂuorescently labeled, optically
cleared, intact kidney samples is a new tool for studying
the glomerular ﬁltration barrier in health and disease.
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Kidney International (2016) 89, 243–247T raditionally, electron microscopy has been the onlymethod available to visualize the glomerular ﬁltrationbarrier, as the dimensions of the podocyte foot pro-
cesses and the slit diaphragm are on the nanometer scale.1 In
terms of spatial resolution, electron microscopy is superior to
light microscopy, due to the short effective wavelengths of
electrons used to reconstruct images.2 Even if the morphology
of renal foot processes has been dissected with electron
microscopy, many questions remain regarding the functional
distribution of proteins.1 The possibility to stain for proteins
using immunostaining or by expression of ﬂuorescent pro-
teins would here be beneﬁcial, if high enough spatial reso-
lution using light microscopy could be generated. With the
use of super-resolution stimulated emission depletion (STED)
microscopy,3 we demonstrate that the nanoscale localization
of proteins at the slit diaphragm is possible to study. Our
results show that super-resolution imaging in intact tissue can
be difﬁcult due to unspeciﬁc/inhomogeneous staining and
autoﬂuorescence background seen in paraformaldehyde
(PFA) ﬁxed samples. These issues are probably reﬂected in the
limited number of high-resolution studies performed in renal
tissue to date. To the best of our knowledge, only two
superresolution studies have been carried out,4,5 both per-
formed on ultrathin sections using a combination of trans-
mission electron microscopy and super-resolution single
molecule localization microscopy. High-resolution confocal
microscopy has been used in one study of podocyte foot
processes, where genetic labeling was used to label a sparse
subset of podocytes.6 On this background, we have identiﬁed
the need for improved sample preparation protocols for
superresolution microscopy in order to study functional
structures in kidneys using immunoﬂuorescence at the
nanoscale. By applying an optical clearing protocol based on
the CLARITY7–9 and SeeDB10 methods, we show that back-
ground as well as staining problems can be signiﬁcantly
decreased, making it possible to study the spatial distribution
of proteins at the slit diaphragm in intact tissue.RESULTS
Rat kidneys were optically cleared using a hydrogel-based
protocol,9 followed by immunostaining and mounting in
fructose solution.10 The optical transparency (Figure 1a) and
antibody penetration depth (Figure 1b and c) were sufﬁcient
for imaging samples on the mm-scale using confocal243
Figure 1 | Optical clearing of rat kidneys and millimeter-scale imaging. For confocal imaging, a Zeiss LSM780 system was used. (a)
Overview of the clearing process, with before and after images of 1 mm thick slices of a P20 rat kidney. (b) Confocal images acquired at 3
different depths in cleared/uncleared 1 mm thick P20 rat kidney slices stained for podocin with Abberior STAR635P. Uncleared samples were
paraformaldehyde ﬁxed, stained following the same immunostaining protocol as cleared kidneys, and mounted in phosphate-buffered saline
(PBS). Scale bars ¼ 100 mm. (c) Attenuation coefﬁcients in uncleared and cleared tissue. Cleared and uncleared kidney slices were stained for
E-cadherin with Alexa-647, and confocal z-stacks were acquired with an excitation laser of constant intensity. Mean ﬂuorescence for each z-slice
was then plotted as a function of depth. Exponentials were ﬁtted to the plots using MATLAB, and attenuation coefﬁcients could then be
extracted. Error bars showing SD (n ¼ 10). (d) Signal-to-noise ratios (SNRs) in cleared and uncleared kidney tissue stained for podocin, which
is expressed only in the glomerulus. The SNRs were measured as the ratio between mean ﬂuorescence signal in the glomerulus and mean
ﬂuorescence signal in an area with no glomerulus. Error bars showing SD (n ¼ 7). (e) Three-dimensional (3D) rendering of a 1 mm thick P20
kidney slice stained for E-cadherin with Alexa-647 and podocin with Alexa-546. Inset showing an xz-view of the marked area. Confocal stacks
(tile scanning) acquired using a 5 NA 0.25 air objective. Scale bar ¼ 1 mm. (f) Substack of the same sample as in (e) acquired at a depth of
400–600 mm. Confocal stack acquired using a 10 NA 0.45 air objective. Scale bar ¼ 100 mm. SDS, sodium dodecyl sulfate.
t e chn i ca l no te s D Unnersjö-Jess et al.: STED microscopy in cleared kidneysmicroscopy, allowing for a global view of kidney morphology
and protein expression (Figure 1e and f). Further, we show a
substantial increase in ﬂuorescence contrast or signal-to-noise
ratio by a factor ofw100 (2.6  0.44 to 230  43) in cleared
samples by applying standard immunostaining protocols to
both PFA ﬁxed and cleared samples (Figure 1d). For super-
resolution STED microscopy, samples were prepared with
the same protocol as for millimeter-scale imaging. Immu-
nostaining in cleared samples stained for podocin was speciﬁc
and highly localized (Figure 2d and e), which allows244elucidating the localization on both sides of the slit dia-
phragm (Figure 2f). Comparison with non-cleared control
samples show that optical clearing was crucial to reveal the
spatial distribution of podocin on the nanometer scale.
Control samples were stained following the same immuno-
protocol as cleared samples, but here the immunosignal was
incomplete (Figure 2g and h) and the nanoscale distribution
of podocin could not be revealed (Figure 2i). Furthermore,
the resolution as a function of depth is kept constant up to at
least 30 mm using oil immersion objectives (Figure 2j). ThisKidney International (2016) 89, 243–247
Figure 2 | Super-resolution stimulated emission depletion (STED) imaging in optically cleared kidney samples. All samples were stained
for podocin with Abberior STAR 635P. For STED/Confocal imaging, a Leica SP8 3X microscope with a 100 NA 1.4 oil objective was used unless
other stated. (a) Schematic representation of the glomerular ﬁltration barrier and the localization of podocin and nephrin at the slit diaphragm.
(b) Eighty micrometer deep confocal stack of a whole glomerulus in a cleared slice of kidney tissue acquired using a Zeiss LSM780 system and a
63 NA 1.4 oil objective. Scale bar ¼ 20 mm. (c) Three-dimensional (3D) renderings (Amira software) of a 3D STED z-stack display foot processes
at the surface of a glomerular capillary. Scale bar ¼ 2 mm. (d–i) Deconvolved (SVI Huygen’s) STED/Confocal images of glomerular foot processes
in cleared (d–e) and uncleared (g–h) kidney samples with intensity proﬁles (f, i) along marked arrows in STED/Confocal images, showing that
podocin expression at both sides of the slit diaphragm is revealed only in cleared samples. Scale bars ¼ 500 nm. (j) Plot of measured slit
diaphragm width as a function of imaging depth. STED images were acquired at 6 different depths, and for each image the minimum resolvable
slit diaphragm width was measured at 8 different positions. Error bars show SD of measured values. (k) Two-color STED image of a cleared
kidney sample stained for podocin (green) with Abberior STAR635P and nephrin (magenta) with Alexa-594. (l) Intensity proﬁles along the
marked arrow, showing the 2-sided expression of podocin and the central expression of nephrin at the slit diaphragm.
D Unnersjö-Jess et al.: STED microscopy in cleared kidneys t e chn i ca l no te sallows for three-dimensional STED imaging, producing
volumetric representations of foot processes on the nano-
meter scale (Figure 2b and c). Kidney samples were addi-
tionally counterstained for nephrin, an abundant anchoringKidney International (2016) 89, 243–247protein at the ﬁltration slit. Localizations of podocin (at
podocyte membranes proximal to slit diaphragms) and
nephrin (spanning the slit diaphragm; Figure 2a) could clearly
be resolved (Figure 2k and l). The protocol was also applied245
t e chn i ca l no te s D Unnersjö-Jess et al.: STED microscopy in cleared kidneysto quantitative analysis of glomerular pathology. Podocin
expression was analyzed in kidney samples from rats with
passive Heymann nephritis (PHN), a rat model of human
membranous nephropathy.11 We observed a distinct alter-
ation of foot process morphology in PHN compared with
control rats (Figure 3a–d, Supplementary Movies S1–S2 on-
line). These alterations were quantiﬁed in terms of the
effacement fraction and the foot process coverage (Figure 3e
and f). We found a signiﬁcant increase in the effacement
fraction and a signiﬁcant decrease in the foot process coverage
in PHN rats, in line with what has previously been observed
using electron microscopy.11Figure 3 | Superresolved glomerular pathology in passive
Heymann nephritis (PHN) rats. All samples were stained for podocin
with Atto 594 and imaged using a Leica SP8 3X microscope with a
100  NA 1.4 oil objective. All images were deconvolved using SVI
Huygens software. (a–b) Three-dimensional (3D) renderings (Amira
software) of 3D stimulated emission depletion (STED) z-stacks
showing inside views of glomerular capillaries from control (a) and
PHN (b) rats. (c–d) STED images of glomerular foot processes in
control (c) and PHN (d) rats. (e) Quantiﬁcation of slit diaphragm
effacement in control and PHN rats. The total length where slit
diaphragms could not be resolved was measured and divided by
the total length of the ﬁltration slit. This was carried out along 5
randomly selected segments, showing a signiﬁcant (*P < 0.0001)
increase in effacement for PHN rats. Error bars show SD. (f) Quanti-
ﬁcation of ﬁltration slit coverage in control and PHN rats. The total
length of the ﬁltration slit was divided by the total area of interest.
This was carried out for 5 randomly selected areas of at least 14 mm2,
showing a signiﬁcant (*P < 0.00001) decrease for PHN rats. Error bars
show SD.
246DISCUSSION
We demonstrate that hydrogel-based optical clearing enables
volumetric high-resolution ﬂuorescence imaging of thick
kidney samples.12 Further, we show that optical clearing is an
important procedure in order to reveal the ﬁnest structures of
the ﬁltration barrier. Conventionally prepared PFA ﬁxated
samples give staining quality that is insufﬁcient at the detailed
level now available in super-resolution microscopy. The
improved staining quality is due to the removal of lipids,
which results in an increased antibody penetration and
exposure of binding epitopes. Even if samples can be me-
chanically sectioned for studies of ﬁne structures, sample
transparency is beneﬁcial in order to give access to large
imaging volumes. A large imaging volume facilitates identi-
ﬁcation of regions of interest, and large quantities of imaging
data can be extracted from the same sample. Also, the risk of
mechanically damaging the sample by physical sectioning is
eliminated. Concern has been raised that clearing tissue by
removing lipids may introduce artifacts where the ﬁne
localization of proteins is lost. By the use of STED micro-
scopy, we found that this is not an issue in the presented
protocol. Tissue morphology is well preserved even at the
nanoscale, as demonstrated by the organization of podocin
and nephrin in the slit diaphragm.
To conclude, the presented sample preparation protocol
adds a novel tool for high- and super-resolution microscopy
studies of protein localization with an impact for under-
standing pathologies occurring at the glomerular ﬁltration
barrier.MATERIALS AND METHODS
Rats
Rats fromCharles River, Germany, were used in all experiments. PHN
was induced in 40-day-old rats as described by Saran et al.11 16 weeks
before euthanization. Animals were anesthetized (intraperitoneal in-
jection of pentobarbital), the aorta cut, and kidneys dissected. All
experiments were performed in accordance with animal welfare
guidelines set forth by Karolinska Institutet and were approved by
Stockholm North Ethical Evaluation Board for Animal Research.
Optical clearing
Kidneys were dissected and immediately incubated at 4 C in
hydrogel solution (1–2% v/v acrylamide, 0.0125–0.025% v/v bisa-
crylamide, 0.25% w/v VA-044 initiator, 4% PFA, 1  phosphate-
buffered saline (PBS)) for 5 days. The gel was polymerized at 37 C
for 3 h, and the presence of oxygen was minimized by ﬁlling tubes to
the top with hydrogel solution. Samples were removed from the
hydrogel solution and immersed in clearing solution (200 mmol/l
boric acid, 4% SDS, pH 8.5) and incubated for 1 day. Kidneys were
cut in 0.8–1.5 mm thick slices using a Vibratome (myNeurolab,
St Louis, MO) and incubated at 50 C for 2 weeks with clearing
solution changed every 3 days. Before immunolabeling, samples were
incubated in PBST (0.1% Triton-X in 1  PBS) for 1 day. For PHN
and PHN-negative control, kidneys were ﬁxed in Duboscq-Brasil
solution for 6 h, then hydrated and immersed in hydrogel solution
(4% acrylamide, 0% bis-acrylamide) without PFA, and then the
above protocol was followed.Kidney International (2016) 89, 243–247
D Unnersjö-Jess et al.: STED microscopy in cleared kidneys t e chn i ca l no te sImmunolabeling
For all steps PBST was used as dilutant. Samples were incubated in
primary antibody for 24 h at 37 C and then washed in PBST for 8 h
at 37 C followed by secondary antibody incubation for 24 h at 37 C
and washed for 8 h at 37 C prior to mounting. To stain for
E-cadherin, a mouse anti-E-cadherin primary antibody (BD Bio-
sciences, San Jose, CA, 610182, 1:50) and a goat anti-mouse Alexa-
647-conjugated secondary antibody (1:100) were used. To stain for
podocin, a rabbit anti-podocin primary antibody (Sigma-Aldrich, St
Louis, MO, P0372, 1:50) and a goat anti-rabbit Alexa-546 (1:200),
Abberior STAR635P (1:100), or Atto-594 (1:100) secondary antibody
were used. To stain for nephrin, a goat anti-nephrin primary anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA, sc19000 1:100)
and a donkey anti-goat Alexa-594 secondary antibody (1:200) were
used.
Mounting
Samples were immersed in 40% (w/v) fructose with 0.5% (v/v)
1-thioglycerol for 2 h and then transferred to 80% (w/w) fructose
with 0.5% (v/v) 1-thioglycerol for 24 h.
Samples were mounted in a glass bottom dish (MatTek, Ashland,
MA, P35G-1.5-14-C) before imaging.
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